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U veal melanoma is the most frequent primary intraocular malignant tumor in adults, wherein approximately half of all cases metastasize. 1 High-throughput studies of the disease have identified genetic mutations, patterns of chromosomal aberrations, and patterns of gene expression that are associated with metastatic risk. 2 Taken together, a preliminary sketch of the biology of uveal melanoma has been developed. 2 It is hypothesized that a normal uveal melanocyte first undergoes mutations in either the GNAQ or GNA11 gene along its path to transformation to a uveal nevus, 3, 4 followed by mutation in the BAP1, EIF1AX, orSF3B1 gene. [5] [6] [7] Mutations in the BAP1 gene are associated with monosomy 3 and a phenotype similar to an early-stage, undifferentiated stem cell-associated with a high risk of metastasis. 8 On the other hand, mutations in the EIF1AX and SF3B1 genes are associated with a phenotype, which behaves similarly to a differentiated melanocyte, associated with a low risk of metastasis. 2 This hypothetical sequence of events is difficult to formally test in humans, given the clinical infeasibility of sampling tumors repeatedly at various stages of development. To this end, we applied modeling strategies from the field of evolutionary biology, specifically phylogenetics, to trace the evolution of uveal melanoma. The goal of phylogenetics is to identify molecular events that define species and to estimate the order and timing of such genetic events. For example, phylogenetic analysis has been successfully applied to bacterial genomes to trace the evolution of genes responsible for antibiotic resistance. By comparing pathogenic and commensal bacteria genomes, it can be inferred that antibiotic resistance likely occurred before the antibiotic era and that the use of antibiotics has resulted in the selection of resistant species rather than induction of mutations that cause resistance. 9 Similarly, by analyzing the patterns of copy number aberrations within tumor genomes, we can infer the sequence of copy number aberrations (mutations). Additionally, we may be able to identify patterns of copy number aberrations that define tumor subgroups of clinical significance, such as response to treatment, likelihood of metastasis, and mortality. Thus, the goal of this study was to develop an evolutionary tree of uveal melanoma. Methods that were designed to study the differentiation of species were adapted to infer the evolutionary relationship between several primary tumors using a crosssectional genomics data set. The resulting tree revealed natural groupings of tumors, or ''clades,'' as they are referred to in evolutionary biology. Clades experience similar genomic events as they evolve. 
MATERIALS AND METHODS

Samples
Primary tumor tissue was isolated from the enucleated eyes of 57 patients. Immediately following enucleation, transillumination was used to mark the tumor margins. Dissection was carried out through a scleral flap overlying the tumor base. Fresh tumor tissue was immediately frozen and stored at À808C. Single nucleotide polymorphism (SNP) microarray analysis was performed on fresh frozen tumor tissue that was permeabilized in RNA protective reagent RNAlater-ICE (Ambion, Austin, TX, USA) per the manufacturer. Permeabilized tissue was minced, equilibrated in cold PBS, and then digested with proteinase-K prior to DNA extraction using the DNeasy kit (Qiagen, Germantown, MD, USA). Approximately 200 ng DNA per sample was assayed on the Illumina Human660W-Quad v1.0 BeadChip (Illumina, San Diego, CA, USA). Probe preparation and hybridization were performed by the Cleveland Clinic Genomics Core. 10 Raw assay signal data and clinical annotations were uploaded to the Gene Expression Omnibus (GEO) in February 2013, a publically available, online repository of data from array and sequence assays (GEO accession no. GSE44297). Data were downloaded in March 2013. Raw signal data were visualized to assess technical assay failure by the authors (NS and WH). Samples were excluded from analysis if data were washed out. The end point for follow-up was either last date of contact or date of death. The association between patient characteristics and metastatic status was tested by Fisher's exact test.
Copy Number Estimation
For each SNP assayed by the microarray, there are two alleles for each locus, with several probes that are designed to hybridize with each allele. When a probe hybridizes with the targeted allele from the sampled genome, the probe fluoresces. A laser scanner detects probe fluorescence intensity. 11 The final raw microarray data consist of two fluorescence intensity measurements for each SNP such that each intensity measurement corresponds to the presence of a particular allele. However, on Illumina assays, there is a known bias in the signal measurement due to differential fluorescence between the two dyes used. 12 The threshold quantile normalization (tQN) algorithm was used to correct this bias by shifting the distribution of signal of one dye to closely match the distribution of signal of the other dye. This process is called quantile normalization, and it also ensures that extremely low or high values are not excluded. 12 The normalized intensity data were then used to estimate copy number at a particular locus by determining the absolute intensity of both probes and the ratio of the intensity between the two probes. 13 For example, a genomic region that is associated with a 1:1 ratio of one allele to another, together with a total fluorescence that is around normal, would be inferred as a normal copy number region. A region with fluorescence intensity of 2:1 of one allele to another, along with a fluorescence intensity of 1.5 times the normal, suggests a copy number of 3 at that region. To ease in the computational task associated with estimating copy number status for more than 660,000 genomic locations, the Genome Alteration Print (GAP) algorithm first estimates regions of the genome that are likely to have similar copy number status before it estimates copy number status. 13 In this way, the copy number status (normal or aberrant [deleted or duplicated]) of every segment of the genome was inferred.
If there was evidence of multiple cell populations on the assay, as suggested by lack of consistent probe signal across adjoining SNPs, 13 samples were excluded. Excluded samples were tested for association with demographic and clinical features by Fisher's exact test. Visual inspection of the estimates revealed the algorithm could not reliably distinguish between single and double amplification events, corresponding to a copy number of 3 and 4, respectively, likely due to the saturation effects of the microarray assay. 14 All copy number estimates greater than, less than, and equal to 2 were coded as duplication, deletion, and copy neutral, respectively.
Distance Matrix Calculation
The genome was divided into segments, where each segment represented the longest contiguous length of genome that acted as a unit across all samples ( Fig. 1 ). In this way, each segment represented a potential site for a copy number event. Such feature reduction techniques have been shown to improve statistical power by identifying important regions and thereby reducing the number of statistical tests required. 15 Differences in copy number values for each segment were tabulated. The sum of all differences is the Manhattan distance between two samples. The Manhattan distance therefore is a numeric representation of copy number differences between two samples. The Manhattan distance was calculated for every pair of tumor samples and for a ''normal'' diploid sample (Fig.  1 ). The normal diploid sample, in this case, was a synthetic entity wherein the entire genome was posited to have zero deletions or duplications, that is, having a copy number of 2 at all genomic segments. The normal diploid was set as the root of the network, the ancestor from which all other samples were derived.
Evolutionary Relationship Inference
From the Manhattan distances, a phylogenetic network (evolutionary relationship inference), specifically a neighborhood-net, was estimated using SplitsTree4 (Huson and Bryant, Tübingen, Germany). 16 A neighborhood-net is the summary of many different possible evolutionary trees, each of which is supported by the data. The network was visually inspected to determine the number of tumor clades. Clade membership was tested for association with demographic and clinical features. Fisher's exact test was used for categorical features, and the Kruskal-Wallis test was used to test difference in age distribution. The Kruskal-Wallis test was used, because it can be applied to more than two groups, and it is robust to nonnormal distributions and unequal sample sizes.
Identification of Defining Copy Number Aberrations
To identify copy number aberrations defining the clade, the copy number profiles of tumors within each hypothesized uveal melanoma clade were summed to generate a profile of the clade. Copy number aberrations that were present in more than 80% of the tumors within a clade were considered defining. Additionally, each segment was tested for an association with tumor clade by means of a Fisher's exact test using a Benjamini-Hochberg corrected P value of 0.05. 17 Additionally, the relative frequency of copy number aberrations of the segments that contained the genes GNAQ, GNA11, BAP1, and SF3B1 was examined by clade. Gene locations were identified from University of California Santa Cruz Genome Browser. 18 The EIF1AX gene, located on chromosome Xp22, could not be examined as sex chromosomes were excluded in the analysis.
Ancestral Reconstruction
The lists of defining mutated segments for each clade, as identified from the summed profile and Fisher's exact test analyses, were compared for overlaps and differences. Based on the assumption that copy number aberrations present in more than one clade occurred earlier than copy number aberrations present in a single clade, we developed a hypothetical evolutionary path of uveal melanoma defined by genomic events.
RESULTS
Sample Characteristics
Tumors were collected from 57 enucleated eyes. Demographic and clinical information is presented in Table 1 . Of all patients, 25 (43.9%) were female, with an average age of 63.4 years (SD ¼ 15.4). Twenty-seven (47.4%) tumors had metastasized, and 30 (52.6%) had not. Twenty-eight (49.1%) tumors had ciliary body involvement (iridociliary or ciliochoroidal tumors), and 29 (50.9%) were limited to the choroid. Of the 57 tumors, one (1.8%) was discarded because of a failed assay, and seven (12.3%) were determined to be mixtures of several cell populations that could not be resolved by the GAP algorithm.
The remaining 49 (84.5%) tumors were included in the analysis. There were no differences in age, sex, metastatic status, or tumor location between samples included or excluded from the analysis. The median follow-up time for the entire cohort was 42.1 months (IQR ¼ 36.0).
Additionally, there was no association between metastatic status, tumor location, or sex of the patients.
Copy Number Estimation
From more than 660,000 probes, GAP identified 2654 genomic segments whose copy number status captured all of the copy number information for all samples. The shortest segment contained four probes, and the longest segment contained 14,590 probes, with a mean segment length of 294.8 probes and median segment length of 32 probes. Chromosome 6 required 175 genomic segments to summarize its copy number information across all the samples, while chromosome 21 required only 25 segments; these chromosomes required the most and least segments, respectively.
The mean number of segments either amplified or deleted in the samples was 452 (21.0%), with a minimum of 76 (3.5%) and maximum of 1075 (49.1%). The mean number of segments amplified was 218 (10.1%), with a minimum of 29 (1.3%) and maximum of 1031 (47.9%). The mean number of segments . Difference in copy number value for each segment is tabulated. The sum of all differences is the Manhattan distance between two samples. Manhattan distance is a numeric representation of copy number differences between two samples. Manhattan distance is calculated for every pair of tumor samples. deleted was 234 (10.8%), with a minimum of 13 (0.6%) and maximum of 435 (22.3%). Figure 2 shows the relative frequency of copy number aberrations for all samples included in the analysis. Table 2 presents the 10 most amplified and deleted regions of the 49 tumor samples. The most deleted segment occurred on chromosome 20. This segment was absent in 41 (83.7%) of the samples. The most amplified segment occurred on chromosome 8. This segment was amplified in 42 (85.7%) of the samples. The 10 most deleted segments were located on chromosome 20 and chromosome 3. The 10 most amplified segments were located on chromosome 8. There were 45 segments that were not mutated in any sample, and they all occurred on chromosomes 10, 17, and 19 ( Supplementary  Table S1 ).
Evolutionary Relationship Inference
There seemed to be two larger clades that comprised 29 (59.2%) and 16 (32.7%) samples, respectively (91.9%). An additional small clade was comprised of three (6.1%) samples. One sample (2.0%) was not in any obvious grouping. In the rest of this paper, the largest clade will be referred to as clade A, the second largest as clade B, and the smallest as clade C. The estimated phylogenetic network is shown in Figure 3 . Table 3 
Identification of Defining Copy Number Aberrations
Copy number aberrations that occurred in more than 80% of tumors of a given clade are shown in Table 4 . Regions near the centromeres, which include long repeating elements, are likely to be artifacts and are indicated with a star. Clade A was characterized by loss of the majority of chromosome 3 (monosomy 3) and the gain of 8q. There were no copy number aberrations on selected segments of chromosomes 1, 5, 7, 8, 9, 10, 11, 14, 15, 16, 17, 18, 19 , and 22 (Table 4 ).
Clade B demonstrated gains on 6p, as well as specific gains on 8q. It was also the clade most likely to have amplifications on 11 and 22. There were no copy number aberrations on selected segments of chromosomes 3, 10, 13, 17, and 19 (Table 4 ).
Clade C was defined by deletions on 6q. Additionally, it was most likely to have deletions on 1 and did not have any large copy number aberrations on chromosome 8. Chromosome 21 was entirely copy neutral for all samples within the clade. All other chromosomes had some copy number aberration in at least one of the samples in the clade (Table 4 ).
The gross genomic profile of each clade with respect to copy number aberrations is shown in Figure 4 . Regions highlighted in blue are statistically associated with tumor clade, as determined by the Fisher's exact test.
The genes GNAQ and GNA11 were predominantly copy neutral in all clades, with no difference in copy number aberrations by clade (P ¼ 0.10, Fisher's exact test; Table 5 ). Similarly, the SF3B1 gene was mostly copy neutral in all clades (P ¼ 0.04, Fisher's exact test). However, in segments containing the BAP1 gene, copy number aberrations were aberrant in all cases of clade A and copy neutral in clades B and C (P < 0.01, Fisher's exact test).
Hypothetical Ancestral Reconstruction
The genomic events characterizing the evolutionary path of uveal melanoma are summarized in Figure 5 . From a normal diploid melanocyte, there is a small group of tumors (clade C, 6.1%) that loses a large portion of chromosome 6q. A few tumors within this group subsequently lose almost all of chromosome arm 1p. Clade C tumors do not develop any copy number aberrations on 8q, either deletions or amplifications, and some tumors develop additional copy number aberrations on other chromosomes, but in no discernible pattern.
In an alternate path, the vast majority of tumors (clades A and B, 91.9%), gain a copy of the telomeric half of 8q. A majority of these tumors (clade A) then subsequently lose a copy of chromosome 3, as well as duplicate the centromeric half of 8q. The other tumors (clade B) gain copies of 6p, as well as regions on 11p and 22q.
DISCUSSION
Given the clinical infeasibility of sampling tumors at various stages of development, statistical analysis of genomic data provides a practical means for inferring tumor evolution. Our study uses a novel modeling strategy, increasingly being used within the field of evolutionary biology, to interpret data generated by new high-resolution assays. [19] [20] [21] The population included in this study was representative of populations included in prior uveal melanoma series. In other words, our series included older white patients with similar rates of metastasis. 22 Thirty-eight of the 57 samples were discarded due to inability to estimate copy number profiles. The discarded samples were not significantly different from those samples that were analyzed in terms of their clinical features or patient characteristic, and therefore, the findings of this study are not likely to be biased for that reason (Table 1) .
Previous studies have demonstrated that 8q gains occur in approximately 60% of tumors, whereas our study identified these gains in 92%. 23, 24 Several explanations exist for this observed difference. First, previously published data regarding 8q gains come from either FISH studies, which target a single region, 24 or karyotyping studies, 23 which rely on visual examination of bands. The resolution of such assays is at the level of the chromosome arm, 25 whereas the microarray techniques used in the present study provide significantly higher resolution. Second, our observation of 92% includes both partial and whole arm gains, as opposed to only whole arm gains reported in previous studies. Third, the small sample size of our series could contribute to the observed difference. Regardless of whether or not the present series is biased toward tumors with 8q gains, the resulting inferred evolutionary tree would not be altered, because it estimates relationships between tumors, independent of the number of samples in each clade.
This work identified three major clades: clade A, clade B, and clade C. The organization of tumors into clades by copy number profiles does not depend on the number of tumors within each group, only the copy number profile itself. Clade assignment, although associated with metastasis, was not a perfect predictor of this event. Clade A was composed of 29 tumors, 20 of which were metastatic (69.0%). Clade B had 16 tumors, two of which were metastatic (12.5%), and clade C had three tumors, one of which was metastatic (33.3%; Table 3 ). The designation of metastatic status represents what has been clinically observed to date, leaving open the possibility for ''nonmetastatic'' tumors to metastasize with extended followup. The median follow-up duration was similar between clades (38.0, 61.0, and 53.0 months for clades A, B, and C, respectively). Shorter follow-up duration in clade A was due to metastatic death in 69.0% of cases. As 80% of mortality in uveal melanoma occurs within the first 5 years, 22 median follow-up of 61.0 and 53.0 months in clades B and C, respectively, is adequate for metastasis to manifest in the vast majority of cases. The SNP microarray can only reveal information about what is assayed, and the test sample may not be representative of the entire tumor, due to heterogeneous cell populations. 26, 27 Sampling may therefore explain why some tumor samples were metastatic within an otherwise nonmetastatic clade.
Even though these tumors were located in different regions within the uveal tract (choroid only versus ciliary body 6 iris or choroid), there was only a borderline association between location and clade (P ¼ 0.05).
Clade A was characterized by monosomy 3 and amplification on 8q, clade B by duplication of 6p and 8q, and clade C by deletion of 6q, among other copy number aberrations. Because copy number aberrations common to clades A and B include duplications on 8q, it is inferred that these tumors followed a similar initial process of tumorigenesis. Distinct patterns of additional copy number aberrations indicate that these clades have divergent progression. The profiles of clades A and B largely agree with previous genomic studies of uveal melanoma in associating chromosomal copy number aberrations with metastatic status, further supporting the validity of our clade identification. 28, 29 Copy number aberrations on the GNAQ, GNA11, and SF3B1 genes were mostly copy neutral within clades, with no difference in copy number aberration between clades ( Table 5 ). These results can be explained by the fact that GNAQ, GNA11, BAP1, and SF3B1 genes usually demonstrate point mutations in uveal melanoma. 4, 5, 7, 30 These point mutations are not expected to be detected by our SNP microarray (Illumina Human660W-Quad v1.0 BeadChip) as the probes were not specifically designed to target these mutations. In contrast, segments containing the BAP1 gene showed significant differences in copy number aberrations between clades, wherein all cases were aberrant in clade A and copy neutral in clades B and C, perhaps detecting loss of large segments of chromosome 3 rather than specific point mutations of the BAP1 gene.
Previous studies have identified at least two subtypes of uveal melanoma (low and high metastatic risk). These can be differentiated by various techniques. For example, histopathology can separate low-grade spindle cell melanoma from more aggressive epithelioid tumors. 31 Risk stratification can also be accomplished through gene sequencing studies, 5 gene expression studies demonstrating correlation across histopathologic characteristics, and chromosomal aberrations identified by FISH and SNP. [32] [33] [34] A previous study that examined microsatellite array data suggested that monosomy 3 and loss of 6p defined two distinct pathways of uveal melanoma evolution, with 8q gain involved in both pathways. 35 The study used whole chromosome arm level data and ad hoc methods to ascertain the specific ordering of mutations, whereas our study took advantage of higher resolution microarray data and wellestablished evolutionary biology methodology. Our analysis more specifically identified the time course of important genomic events in uveal melanoma tumorigenesis. Additionally, the present study provides evidence for a newly described (third) potential evolutionary pathway represented by the minor clade of tumors (clade C: 3/49; 6.1%; Fig. 3 ). The distinct patterns of copy number status, specifically deletions on chromosome 6q, and the different rate of metastasis, indicate that clade C may well represent a third subtype to add to the original two subtype model of uveal melanoma. 36 Minor subgroups of uveal melanoma are being identified in other series with extended follow-up. In many cases, these tumors manifest with late onset of metastasis. 37 The evolutionary framework used in this study can also be used to study copy number profiles of systemic metastases, which can then be traced back to the lineage of the primary tumor. Additionally, this framework allows for studying the evolutionary relationships of subpopulations of cells within the same tumor, which is widely recognized to be an important aspect of cancer evolution. 38 Finally, the relationship between the tumors and their cell lines can be clearly elucidated as there is general controversy about the validity of data derived from cell lines that are known to have highly aberrant gene expression and copy number profiles.
From the copy number profiles, genetic copy number aberration distances were calculated between tumors, and these distances were used to infer an evolutionary tree. A distance-based method has two strengths. First, distance-based methods are less computationally demanding and are therefore flexible enough to use the entire tumor genome instead of a smaller subset of copy number events. In this way, there is maximal leverage of the genome-wide information. Second, these methods are rapid to implement and therefore provide a user-friendly approach to the problem. However, distancebased approaches are limited in their ability to construct ancestral states, as the methods do not calculate the likelihood of possible ancestral states.
There were a few limitations to the study, which were consequences of using SNP microarrays. First, SNP microarray analyzes the abundance of specific genomic regions, and it is therefore unable to capture other types of genomic mutations, such as copy neutral inversions or point mutations. There is evidence that such mutations are likely involved in tumorigenesis. 5 Second, our analysis cannot identify possible epigenetic events that may also play a role in the progression of uveal melanoma. 39 The next step in our work will be to study additional samples using other platforms so that more robust copy number signatures for each major clade can be validated. This will also allow further characterization of potential minor clades. In the future, work focused on the identification of the genes residing within each clade needs to be performed.
Applying an evolutionary framework to the uveal melanoma genome reveals that there are distinct subtypes of uveal melanoma and that these subtypes resemble each other in their initial development, but that they diverge along their evolutionary course. Our data also suggest that there is little overlap in the subtypes of uveal melanoma after divergence (identified as clades A and B). These distinct subtypes are not likely to crossover or transform from one major clade to another major clade. FIGURE 5 . Stylized summary of evolutionary path of subtypes of uveal melanoma. Clade A was characterized by monosomy 3 and amplification of the whole arm of 8q, clade B by duplication of 6p and telomeric 8q, and clade C by deletion of 6q, among other copy number aberrations. Because copy number aberrations common to clades A and B include duplications on telomeric 8q, it is inferred that these tumors followed a similar initial process of tumorigenesis; however, distinct patterns of additional copy number aberrations indicate that these clades have divergent progression. The profiles of clades A and B largely agree with previous genomic studies of uveal melanoma in associating chromosome arm level copy number aberrations with metastatic status, supporting the validity of our clade identification. 
